Abstract. Cascade impactor samples were collected a t coastal sites on Sal Island, Barbados, and Virginia Key, Miami during 1974 and a t two Miami coastal sites on Virginia Key and Key Biscayne during 1981. In all of the samples, the majority of t h e nitrate mass was found on intermediate size particles and exhibited a mass median diameter (MMD) of about 4 pm. The ratio of t h e MMD of nitrate t o t h a t of sea-salt (about 7 pm) varied from 0.54 t o 0.60 which indicates that the nitrate mass distribution is well defined by t h e surface area distribution of t h e sea-salt aerosols.
Introduction
The nitrogen cycle in the atmosphere is t h e subject of much current research. An important oxidative endmember in this nitrogen cycle is nitrate. However, t o date t h e vast majority of t h e studies of nitrate in t h e atmosphere have been conducted in continental (primarily urban) areas; data on nitrate in marine areas a r e still extremely sparse especially with regard t o the nitrate size distribution (Duce, 1981) .
In this report, we present data on the size distribution of nitrate in aerosols collected over an extended time period in maritime air masses over the tropical North Atlantic. The bulk concentration data will be presented in a later report.
The size distribution data were obtained by analyzing samples collected with high volume cascade impactors during 1974 and 1981. The 1974 samples were collected a t three locations a t coastal sites on Sal Island, Cape Verde Islands, on Barbados, West Indies, and on t h e NOAA (National Oceanic and Atmospheric Administration) building, Virginia Key, Miami, Florida. Site descriptions a r e presented in Savoie and Prospero, 1977 . The 1974 study was carried out a s a part of t h e Global Atmospheric Research Program (CARP) Atlantic Tropical Experiment (GATE). The 1981 samples were collected on t h e roof of t h e Rosenstiel School of Marine and Atmospheric Science (RSMAS), University of Miami, Florida and on the upper walkway of the lighthouse a t Cape Florida State Recreation Area (CFSRA), located on the southern tip of Key Biscayne, Miami, Florida. The data from a total of 41 samples a r e presented in this report.
Sampling and Analysis
Cascade impactor samples were collected with a Weather Measure Corp. Model 235 High Volume Cascade Impactor which was modified by mounting an additional uppermost stage which extended t h e large particle range Copyright 1982 by t h e American Geophysical Union.
Paper number 2L1194. 0094-8276/82/002L-1194$3.00 of this irnpactor by a factor of two. In the 1981 program, slotted, nonporous polycarbonate sheets were used as impaction surfaces; these sheets had a "frosted" finish which minimizes t h e blow-off loss of droplets from t h e collection stage. A 20 x 25 cm Whatman41 filter served as t h e backup to collect t h e smallest particles. The polycarbonate inlpaction sheets were used because of their inertness and the absence of artifact nitrate production (Spicer and Schumacher, 1979) . In the 1974 sampling program Whatman41 filters were used in the casade impactors as both impaction substrates and backup filters.
In the analysis procedure, w e extracted a quarter section of t h e impactor backup filters and a half section of the what man-41 impaction-surf ace filters. These were extracted in Millipore filtering-centrifuge tubes with one 10-ml aliquot of Milli-Q water, followed by t w o 5-ml aliquots.
The entire polycarbonate impaction sheets were extracted into 25 ml of Milli-Q water using an ultrasonic probe t o disperse t h e particulates and increase the r a t e of dissolution. During 1981 t h e filters and impaction surfaces were extracted immediately upon removal f rorn the filter holders.
Sulfate and nitrate concentrations were determined by ion chromatography.
The Dionex Model-10 ion chromatograph was operated with a 0.0024 M N a COj/0.0009 M KOH eluent a t a flow r a t e of 3 ml/min an8 sample volumes of 0.1 ml. Calibration curves were developed from the areas of the peaks (as measured with a Hewlett-Packard 3390A integrator) produced from a series of mixed standards. Sodium was determined by atomic absorption spectrometry using a series of mixed standards approximating t h e composition of diluted seawater.
Standard errors of -the concentrations in the extracts were 2 5% for SO-and NO3 and 2 2% for ~a * . The volume flow rates th?ough t h e fllters were determined froin the pressure drop across a calibrated orifice plate in the exhaust outlet. The flow r t e for t h e impactor was essentially constant 9 . a t 0.86 m / m~n for all samples; total sample y l u m e s were generally in the range of 1000 t o 2000 m . The 50% cutoff diameters for the cascade impactors were 16.7, 8.4, 4.2, 2.1, 1.0, 0.50 microns for s y g e s 1-6, respectively, assuming a density of 1.2 g . cm-for seasalt particles a t 80% relative humidity (Patterson g &. ,
1980). During 1981, the pumps were controlled by a wind direction sensor so that sampling occurred only during periods of easterly winds (i.e., when t h e winds were blowing directly off the ocean). In the case of the RSMAS samples, t h e in-sector condition included winds which would pass over Key Biscayne; these samples conceivably could be biased by pollutant inputs. The only land masses upwind of the CFSRA site were t h e Bahama Islands.
Results
Representative particle-size distrib~tions for Na+ NO;, and non-sea-salt SO& (total SO --0.2517 Na' i from samples collected a t RSMAS a n 8 CFSRA during 1981 a r e shown in Figure 1 . Although the concentrations varied substantially, the precise locations of t h e peaks varied only slightly and the general trends in t h e S a v o i e a n d P r o s p e r o : N i t r a t e and S u l f a t e S i z e D i s t r i b u t i o n s Figure I . Typical particle-size dsitributions of sodium, non-sea-salt (xs) sulfate, and nitrate a t several coastal sites.
distributions were essentially the same for all samples. The sodium and total sulfate distributions were typical of those which have been previously reported in t h e literature, both exhibiting peaks a t about 6 t o 8 microns diameter a s a consequence of their presence in sea-salt aerosols. The non-sea-salt sulfate, being derived from gaseous precursors, is contained primarily on submicron particles. Although nitrate is presumed t o be derived from gaseous precursors, its size distribution differs substantially from that of non-sea-salt sulfate and, in f a c t , is more similar t o that of sea-salt (i.e., sodium). The geometric mean nitrate concentration a t RSMAS, 0.975 pg/SCM (standard cubic meter), was about 60% greater than that a t CFSRA, 0.623 pg/SCM (Table I) . This result is undoubtedly a consequence of t h e f a c t t h a t air masses were strictly marine during the entire CFSRA sampling program from 4 August t o 14 August 1981. Although the RSMAS samples were collected only during periods of on shore winds, t h e synoptic scale circulation patterns indicated that several of the air masses sampled may have been over continental areas within t h e previous 24 t o 48 hours. Also, a s stated earlier, air parcels sampled a t RSMAS may have passed over Key Biscayne (population: 4,500) which has heavy tourist and recreational traffic. Despite this difference, t h e mean MMD1s (mass median diameters) for both ~a + and NO, were essentially the same a t the two locati_ons; the MMD of ~a + was ca. 7.3 pm and that of NO3 was 4.0 um (Table 1) .
The samples collected a t Miami during 1974 exhibit essentially t h e same characteristics a s thpse collected in 1981 (Table I ). The total NO3 and Na concentrations and their MMD's a r e not significantly different from those obtained from either the RSMAS or CFSRA samples despite .the use of W h a t m a n 4 1 filter material a s t h e impaction surface for the 1974 samples. It should be noted that bulk aerosol samples collected on 20 x 25 cm Whatman-41 filters during 1981 (total number = 33) without t h e use of a wind direction controller yielded a geometric mean nitrate concentration of 1.3 ug/SCM, 33% higher than t h a t for t h e wind controlled samples collected a t t h e s a m e location.
The particle size distribution of sodium and nitrate a t Sal Island (Table I ) during 1974 were also essentially t h e s a m e a s those a t Miami. The only major difference was that t h e sodium concentration was a factor of 2 t o 2.5 higher at Sal than a t Miami. The mean total nitrate concentration of 0.96 pg/SCM a t Sal compares favorably with a geometric mean of 0.99 pg/SCM determined from 10 bulk aerosol samples collected for us aboard t h e R/V Researcher during February, 1979 and aboard the R/V Meteor during January and June, 1979; during those periods, the ships were cruising several hundred kilgmeters from t h e African coast between latitudes 10 N and 2 5 '~.
A major difference in the sodium distribution at Barbados is t h e absence of a peak below ,the upper limit cut-off of our impactor. This f e a t u r e is a consequence of t h e high concentration and large size of sea-salt particles produced by breakers along t h e reefs and within t h e shoals immediately offshore of t h e sampling site which was located on a 20 m bluff.
The nitrate distribution, however, was not affected by these processes; the MMD of nitrate at Barbados was not significantly different from t h a t a t any of t h e other stations.
In contrast, the mean total nitrate concentration, 0.39 ug/SCM, a t Barbados is a factor of 2 t o 2.5 lower than t h a t a t the other stations. The mean of t h e 1974 impactor samples, however, is in fair agreement with t h e mean of 0.52 ug/SCM from 114 bulk aerosol samples collected a t the same s i t e in 1979 and t h e mean of 0.37 pg/SCM for 6 bulk samples collected for us aboard t h e R/V Researcher during July and August, 1979 in the same region. In addition, the mean a t Barbados is in good agreement with that of 0.28 ug/SCM reported for t h e marine boundary layer over the central and southern Pacific (Huebert, 1980; Huebert and Lazrus, 1978 , 1980a , 1980b .
The above d a t a a r e indicative of a very consistent particle size distribution of nitrate in maritime air masses. Further insight into t h e nitrate distribution is provided by considering t h e ratio of t h e MMD of nitrate t o t h e MMD of sodium. If the sea-salt size distribution i s assumed t o be log-normal, then t h e ratio of t h e surface median diameter (SMD) t o .the MMD is given by:
where og is the standard geometric deviation of the size distribution which is t h e s a m e for t h e mass, surface area, and number distributions. Typical estimates of a g for sea-salt aerosols range from about 1.7 t o 2.4 (see e.g. Walsh g &., 1978), yielding SMD/MMD ratios of 0.76 t o 0.47, respectively. In our data (Table I ) t h e ratios of t h e MMD of nitrate t o that of sodium range from 0.54 t o 0.60, thus indicating that t h e nitrate mass is roughly distributed a s t h e surface a r e a of the sea-salt aerosols.
Discussions and Conclusions
Because of previously reported artifact problems (Appel and Tokiwa, 1981; Appel etg., 1979 Appel etg., , 1980 Appel etg., , 1981  TABLE 1. Geometric mean mass median diameters (MDD,pm) and total concentrations (pg/SCM) of sodium and nitrate.
---- , 1980 , 1982 Okita g &., 1976; Pierson g &., 1980; Spicer and Schumacher, 1977, 1979; Spicer &., 1982) , we were very much concerned about the possible generation of nitrate artifacts within t h e impactor which might yield apparent size distributions significantly different from those which actually occur in the atmosphere.
Possible problems include: 1) t h e reaction of vapor phase nitric acid with aerosols (e.g. calcite and NaCI) already collected on the impaction surfaces and/or the adsorption of the vapors on the impaction surfaces themselves, and 2) t h e release of nitric acid from small particles as a consequence of t h e presence of acid sulfate species on the same collection surface. To be significant, t h e first requires that a substantial portion of the total nitrate exist as nitric acid vapor. Results from a subsequent study of maritime air masses a t Miami, using virtual impactors in which only about 1% of the air flow is through the collected coarse fraction substantiate our contention that on the order of 80% of t h e nitrate is in the greater than 1 um diameter fraction. Furthermore, less than 10% of the nitrate was found to exist in t h e vapor phase. The absence of a significant difference between the distributions obtained when using W hatman-41 a s compared t o polycarbonate impaction surfaces indicates that nitric acid absorption on the surfaces was also negligible. In our most recent cascade impactor study aboard ship in t h e Gulf of Mexico, our normal cascade impactor-Whatman-backup filter system was followed immediatley by a glycerine-K CO impregnated Whatman-41 filter to trap any v a p d p h a 2 e nitrate which may have volatilized from the upstream collection surfaces. Nitrate collection on the impregnated filter was near t h e detection limit and represented a maximum of 5% of the total nitrate collected in a sample. Reports on these latter two studies a r e currently in preparation.
Our conclusion that gaseous HN03 represents a minor fraction of the total nitrate mass in the lower marine troposphere contrasts with that of Huebert (1980) who reported that the concentration of gaseous nitric acid in the marine boundary layer over the central Pacific is about 50% of the particulate nitrate concentration.
However, recent evidence (Appel g &., 1980 (Appel g &., , 1981  Forrest g g., 1981) suggests that the high values measured by Huebert may be an artifact generated by nitrate loss from their Teflon aerosol prefilter. On the other hand, we would expect to find substantially higher percentages of the nitrate in the gaseous form in the f r e e marine troposphere where the concentrations of -neutral or basic aerosols a r e usually very low.
The data presented here indicate a major difference in the particle size distributions of nitrate and non-seasalt sulfate, species which a r e both produced from gaseous precursors.
In contrast to the non-sea-salt sulfate which is present primarily on submicron particles, the nitrate exists almost exclusively on particles larger than I vm diameter with its mass being distributed as t h e surface area of t h e sea-salt aerosols. Similarly, Junge (1956 , 1957 had found that aerosols collected with a two-stage impactor a t coastal stations in Massachusetts, Florida, and Hawaii contained the majority of the nitrate on particles greater than 1.6 um diameter. Gravenhorst e t &. (1979) noted that the peak in the nitrate mass -coincided with the small particle end of t h e sea-salt mass distribution in samples collected over the North Atlantic; although they performed no confirming calculations, they suggested that this may reflect a similarity in the distributions of nitrate mass and seasalt surface area. Thus, the nitrate size distribution appears to be rather uniform over the oceans. In contrast, the major fraction of the nitrate in continental areas is concentrated on submicron aerosols (Appel g al., 1978) . The results suggest that sea-salt particles -may play an important role in the atmosphere-to-ocean flux of odd nitrogen and, further, that the modes and rates of deposition of nitrate and sulfate t o the sea surface a r e likely t o be quite different.
If aerosol nitrate is produced by the absorption and subsequent reaction of NOi or by disso?ution of gaseous HNO on sea-salt aerosols, he d~s t r l b u t~o n just described is prc?cisely what one would expect. The extremely low concentration of nitrate on submicron particles is probably due t o the relative instability of HN03 and NH NO a s compared t o H SO4, NH4HS04, (NH ) SO wh$h dould be formed in d o s e particles. ~l t h o t~! ' ? thg sulfate compounds all have significant vapor pressures, they a r e all much lower than those of the nitrates. In addition, sulfuric acid is essentially stable with respect t o photochemical degradation. In contrast, nitric acid undergoes degradation t o NO and/or N 0 (see e.g., Ore1 and Sienfeld, 1977, and &vis, 1980) : 14 is, in fact, the NO produced from these reactions which results in the disc%loration of nitric acid in the presence of light.
There appears t o be a small but consistent shoulder or peak in the non-sea-salt sulfate mass distribution in t h e same size range as the nitrate peak ( Figure I ). Due t o the combined analytical errors in the sodium and total sulfate on a given impactor stage and the fairly low percentage of non-sea-salt sulfate in this size range, our present data, while certainly suggestive, a r e not completely definitive in this respect.
Although the heterogeneous reaction of SO on sea-salt particles could conceivably contribute t o s u c i a phenomenon, the major causative process is probably the agglomeration of small sulfate aerosols with the sea-salt particles; i t is notable, in this regard, .that a small percentage of particulate ammonium has also been found in this size fraction (Gravenhorst g &., 1979) .
